A hybrid electrical bus employs both a turbo diesel engine and an electric motor to drive the vehicle in different speed-torque scenarios. The cooling system for such a vehicle is particularly power costing because it needs to dissipate heat from not only the engine, but also the intercooler and the motor. An electronic control unit (ECU) has been designed with a single chip computer, temperature sensors, DC motor drive circuit, and optimized control algorithm to manage the speeds of several fans for efficient cooling using a nonlinear fan speed adjustment strategy. Experiments suggested that the continuous operating performance of the ECU is robust and capable of saving 15% of the total electricity comparing with ordinary fan speed control method.
Introduction
A hybrid electrical vehicle (HEV) employs both a turbo diesel engine and an electric motor to drive the vehicle in different speed-torque scenarios. An effective thermomanagement system is required to dissipate excessive heat from the engine, intercooler, and the motor to avoid part damage during continuous operations [1] . On buses or coaches the power systems are often mounted in the rear of the vehicles and the radiators are often mounted on one side of the vehicles and cooled by lateral wind pulled in by electrical fans, which consume a large amount of electricity.
Studies on HEV thermomanagement system have been extensive but widely spread in different areas, such as whole vehicle thermomanagement [2] [3] [4] [5] , pumps and thermostats adjustment [6, 7] , and battery thermomanagement issues. Within vehicle thermomanagement strategies, cooling fan speed adjustment is a specific topic and often relates to analysis of radiator, flow, and the air. A recent comprehensive study [2] has already addressed several analytical models although it has not led to final controller prototype.
Till now, many vehicles such as Volkswagen Passat B5 still use two-state on-off cooling fan control method, Volkswagen Polo is able to switch cooling fan between high speed and low speed, and Audi A6 adjust fan speed in a linear manner according to water temperature. Some recent studies paid more attention to the nonlinear engine and radiator thermocharacteristics and the corresponding nonlinear PWM control techniques [6] [7] [8] [9] , which so far has not yielded mass produced equipment.
For large HEV buses or coaches the power consumption of the cooling fans is significant, which requires more advanced cooling control ECU to perform energy saving and vehicle thermomanagement.
The Control System Scheme and Cooling Theories
This study is focused on fan drive and control unit for efficient cooling of the engine, intercooler, and the motor. The system concept can be described in Figure 1 . Large diameter fans up to 385 mm and 300 w are mounted over the radiators, intercooler, and the motor. Temperature sensors are attached to these parts to measure temperatures and send signals to the controller ECU. The ECU calculates proper control strategies and the duty cycles of PMW outputs and then drives the fans to the proper speeds. Eventually the system controls the water tank outlet temperature below 85 ∘ C, the intercooler temperature below 40 ∘ C, and the motor temperature below 70 ∘ C. According to literatures [10] [11] [12] , the heat exchanges through a ribbon-tubular radiator can be calculated as the following. The heat transfer area between the coolant and the metal parts of the radiator is
where 1 and 1 are the length and width of the pipe crosssection, 1 is the length of the pipes, and 1 is the number of pipes. The thermoarea between the metal parts and the air can be expressed as
where is wave height and wave distance of the fins, is the core thickness, and 2 is the number of air side heat exchange channels. Another parameter, logarithmic mean temperature deviation, is used to describe the mean temperature difference of two flows during a thermotransformation process of a radiator [13, 14] .
where ℎ1 and ℎ2 are the temperatures of hot flow at the inlet and outlet, 1 and 2 are the temperatures of cold flow at the inlet and outlet, respectively, and is a correction factor ranging from 0.95 to 0.98 according to literature [12] . The amount of thermal exchanges through the radiator can be separately calculated on the first heat dissipation surface around the pipes and the second heat dissipation surface around the fins, as below
where 1 and 2 are the quantities of heat through the first and the second surfaces, ℎ 1 and ℎ 2 are the heat transfer coefficients between the air and the first as well as the second heat dissipation surfaces, 1 and 2 are the areas of the first and the second heat dissipation surfaces, , , and are the temperatures of the tube walls, the air, and the fin surfaces. The heat distribution along the fins can not be homogeneous; thus a parameter is derived to represent the efficiency of the fins, as below
Based on the above, the total equivalent efficiency can be derived to describe the efficiency using only the pipe temperature and the air temperature , as below
Omitting other derivation details, the amount of heat exchanges in a steady state is given by
where ℎ represents the heat transfer coefficient between the cold flow and the metal surface and ℎ ℎ is the heat transfer coefficient between the hot flow and the metal surface. The thermal equilibrium equation can be written as
where and ℎ are the quantities of the cold and hot flows and pc and ph are constant-pressure specific heat coefficients for the cold and hot flows. Following the above calculations, the heat dissipation abilities of an existing radiator can be derived as shown in Figure 2 .
Since the air flow quantity is proportional with fan speed [15] , the above graph shows the nonlinear heat dissipation abilities that may be fitted by logarithm functions. Since the outlet temperature can not be adjusted again, the controller should use the inlet temperature as an input and then adjust the fan speed to achieve proper heat dissipation in the radiator, so as to get the proper temperature at the outlet from where the coolant goes into the engine. The above analysis indicates a nonlinear fan speed control strategy.
Control Strategies
The control strategies are set to use minimal fan electricity to achieve the expected temperature targets, that is, water tank outlet 85 ∘ C, intercooler outlet 40 ∘ C, and motor 70 ∘ C. When a vehicle firstly starts, the engine needs to warm up to the most efficient working temperature around 60 ∘ C; until this the water tank fan is not needed. When water tank inlet temperature is above 60 ∘ C the fan starts working with 30% PWM duty ratio and rises to 100% duty ratio when inlet temperature reaches 95 ∘ C. Between 60 ∘ C and 95 ∘ C, the fan speeds according to curving fitting with Figure 2 can be summarized into a logarithm function as below:
The intercooler fans start running when the inlet air temperature is above 40 ∘ C and the fan speed can be controlled following a similar function:
The motor fan speed is set in a linear manner when the temperature is between 50 ∘ C and 75 ∘ C.
Controller Hardware Design
The control unit ECU contains two electronic boards specifically designed in the lab, one is a +5 V low voltage signal processing and control board with a STC89S52 single chip microcomputer (MCU) as the core, and the other is a +24 V high voltage fan drive board. The control board adopts STC89S52 MCU as the core processor for its high reliability, low costs, and well recognized reputation in many fields. As shown in Figure 3 , it has a MAX813 watchdog chip to prevent the software from running out or in a dead loop and adopts an 8-bit A-D conversion chip ADC0809 to measure temperature sensors and the voltage signals were filtered in separate RC filters for each channel and then connected to ADC0809. The outputs of the control board are five-way PWM signals, calculated by the MCU with timers and amplified through five TLP-521 optical couplers before being connected to the external motor drive board. The PWM signals generated by the control board are connected to the motor drive board, amplified separately in five channels, and then drive the fan motor. An example channel is explained in Figure 4 .
The PWM signal is firstly connected to the input pin of a MIC4421 MOSFET driver chip, which has independent 15 V power supply that can amplify the 5 V PWM waves to 15 V PWM waves. The amplified PWM signal then goes to two large power P75NF75 MOSFET chips, parallelly connected to reduce the heat as in Figure 4 . The motor current goes through the MOSFET before grounding; thus the PWM signal eventually controls the shut-off and switch-on of MOSFET and hence the motor current, which controls fan speed according to PWM theories [16] [17] [18] .
Two prototypes of the ECU have been made in the lab following comprehensive schematic and PCB designs. The motor board uses LM78L15 chip to obtain the required +15 V voltage for the MOSFET driver MIC4421, whilst the fan motor current directly comes from the vehicle battery and goes through the drive board via thick copper overlay and tin solder that allows up to 15 A current for each motor drive channel. Demonstration of the prototype is given in Figure 5 .
The temperature sensors were actual products for Honda Accord Gen 7. When temperature rises, the resistance of the sensor reduces, in a nonlinear manner as shown in Figure 6 . The characteristic curve was tested out by positioning the sensor in hot water and measuring resistance values. Thus, the ECU can use the fitted curve function to calculate actual temperature in water tank, and so forth.
Controller Software Design
The ECU software mainly performs the following functionalities: measure temperatures, display temperatures, decide fan speed, adjust PWM duty cycles, and output PWM signals. The PWM signals are generated in MCU using timers in a manner as shown in Figure 7 .
The timer T0 is set to control the PWM substep time interval . The cycle period and hence base frequency are obtained by counting the substeps to a fixed number and inverting the signal, for example, at 10 substeps, whilst the duty ratio is obtained by inverting the signal at a counted number within a full cycle. This approach gives more flexible control of the PWM signals comparing with some modern MCUs equipped with PWM port but difficult to amend PWM parameters within a program section. The overall software flowchart is shown in Figure 8 . When the ECU starts with the vehicle, the software firstly initializes the parameters such as timers, interrupt ports, and especially ADC0809 configurations. Since the temperature changes are slow, a large sampling gap up to 1 s is set in ADC0809. Then the MCU uses P1 port to control acquisition of the three signal channels and display the temperature values via serial port. When timer T0 is met, the timer interrupt processing sections count the events and invert PWM signals if required. When timer T1 is met, the software loops back to reread the temperature data from ADC0809. When neither of the timers is met, the software keeps refreshing the display unit.
A watchdog control signal is sent to the MAX813 chip to ensure the software is in healthy running. When the watchdog chip detects error the software restarts the MCU.
Experiments
Experiments were carried out in the lab to verify fan control performance and on a vehicle to verify actual usability and optimal control strategies. Figure 9 were carried out to evaluate sensor sensitivity, PWM fan drive effectiveness, and durability. A major issue that has arisen was due to the frequency of PWM signals, which according to literatures [16] [17] [18] may lead to noises, vibration, or even damage to the motor if the frequency is not properly configured and falls in resonance with the mechanical parts.
Bench Tests. The bench tests in the lab as demonstrated in
The PWM frequency effects can be seen in the test results in Table 1 . As literature suggested [17] , the proper PWM base frequency should be either as high as 10 K-20 K Hz or as low as 50-200 Hz to minimize noises and vibration, whilst the 1 K-2 K Hz frequency is the worst range. For the above reasons, the final PWM base frequency was chosen to be 100 Hz and small duty ratios less than 30% were avoided, so that the fans could stop directly when the calculated duty ratio reduces to 30%. shown in Figure 10 . Temperature values and fan speeds were read from the ECU and recorded for analysis, and extra temperature sensors were also added at the outlet of the water tank to analyze the changes and effectiveness. The equipment specifications are provided in Table 2 . The tests were carried out in the vehicle test yard within Zhongtong Bus Holding Co., Ltd., using different speed settings for varying durations, with specified numbers of starts and stops.
On-Vehicle
The tests are still undergoing and more experiments would be carried out along bus routes in the city. So far initial results indicate some sensible relationships between fan speeds and the reduction of coolant temperatures measured at the inlet and outlet of the radiator. From the recorded data in the ECU, temperature and fan speed data pairs were selected and plotted in Figure 11 . When the inlet coolant temperatures are 95 ∘ and 90 ∘ , respectively, the temperature reduction measured at the outlet changes with fan speed in a nonlinear manner, which is consistent with the theoretically predicted trends in Figure 2 . For the intercooler, the fluid inside the radiator is turbo pressurized air, which is compressed in the turbo and cooled in the intercooler and then fed into the diesel engine to boost the engine power. The temperature reductions with fan speeds are shown in Figure 12 . The motor mainly drives the vehicle in high torque stop-start short periods and therefore it is not tested in the current study.
Comparing with old fashion on-off control system that always uses 100% fan speed, the above strategies would significantly reduce power consumption. The cooling fans totally cost 1.5 KW electricity when they are fully running, which counts 62.5% of a typical 100 AH battery. Although a battery can be recharged after starting, the main drive motor consumes the majority of the electricity. According to Figure 11 it can be seen that, in order to control radiator outlet temperature to be no more than 85 ∘ C, then the fan speed should be set to 100% if the inlet temperature is 95 ∘ C, and only use 60% speed if the inlet temperature is 90 ∘ C. According to China's national standard GBT 18386-2005, typical vehicle tests on city road can be simulated by a number of identical test cycles and each cycle is described in Figure 13 . Within such cycle, it can be assumed that the acceleration pedal is released during the speed reduction periods and zero-speed periods. Experiments indicated that the radiator inlet temperature can well drop from 95 ∘ C to 90 ∘ C 10 seconds after the acceleration pedal is released. Thus, there is together 22 seconds out of the total 200 seconds that only needs 60% fan speed. Taking into account the temperature changing periods, it is reasonable to assume that the cooling system can save at least 15% of the total electrical energy. 
Conclusion
This study presents a design of an integrated cooling system controller ECU for hybrid electrical vehicle. Temperatures in the water tank, intercooler, and main drive motor are measured by the MCU to control optimal fan speeds. The ECU also consists of a five-way large power fan motor drive board to perform PWM fan speed control. Comprehensive experiments have been carried out to verify the ECU performance and to identify optimal fan speed control strategies. The PWM fan drive frequency has been determined in bench tests and the speed adjustment strategies were firstly analyzed using theories and then compared with experimental data. The ECU design is robust and it can save at least 15% of the total electricity on normal city routes. Further work should be expanded to take into account extra influential factors such as vehicle speed, environmental temperature and make use of CAN bus data to create a more advanced controller.
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